Nanophotonic beamsplitters are fundamental building blocks in integrated optics, with applications ranging from high speed telecom receivers to biological sensors and quantum splitters. While highperformance multiport beamsplitters have been demonstrated in several material platforms using multimode interference couplers, their operation bandwidth remains fundamentally limited. Wavelength independent integrated beamsplitters would enable breakthrough broadband integrated photonic systems for communications, sensing and quantum physics.
Nanophotonic beamsplitters are fundamental building blocks in integrated optics, with applications ranging from high speed telecom receivers to biological sensors and quantum splitters. While highperformance multiport beamsplitters have been demonstrated in several material platforms using multimode interference couplers, their operation bandwidth remains fundamentally limited. Wavelength independent integrated beamsplitters would enable breakthrough broadband integrated photonic systems for communications, sensing and quantum physics.
Here, we leverage for the first time the inherent anisotropy and dispersion of a sub-wavelength structured photonic metamaterial to demonstrate ultrabroadband integrated beamsplitting. Our device, which is three times more compact than its conventional counterpart, can achieve virtually perfect operation over an unprecedented 500 nm design bandwidth exceeding all optical communication bands combined, and making it the most broadband silicon photonics component reported to date. Our demonstration paves the way toward nanophotonic waveguide components with ultra-broadband operation for next generation integrated photonic systems.
Integrated photonic systems are poised to produce key advances in areas such as optical communications [1, 2] , sensing [3, 4] , spectroscopy [5, 6] , metrology [7] , frequency comb generation [8] and quantum physics [9, 10] . Since beamsplitters are fundamental photonic building blocks, substantially extending their operational bandwidth would pave the way towards broadband systems capable, for instance, of covering several optical communication bands, or realizing sensors and frequency combs over large spectral regions as required in optical coherence tomography. Integrated beamsplitters are preferably implemented with multimode interference couplers (MMIs), which exploit the selfimaging effect discovered by Henry Talbot in the 1830s [11] . Talbot imaging allows to form multiport couplers with well defined amplitude and phase ratios that offer improved performance compared to ybranches and directional couplers [12, 13] . MMI couplers are used in a wide variety of waveguide devices [1, 10, [14] [15] [16] [17] [18] , and have been implemented in a broad range of material platforms [19] [20] [21] [22] . However, until very recently, the same classical structure, similar to the one shown in Fig. 1 for a 2 × 2 MMI configuration, has been used. Consisting of an essentially rectangular central multimode region with tapered input and output waveguides, it provides a rugged design, but also imposes fundamental restrictions in terms of size and bandwidth [13, 23] . On the other hand, the recent advent of sub-wavelength grating (SWG) metamaterial waveguides, which suppress diffraction effects, has enabled the concept of refractive index engineering [24, 25] . This concept has ushered in breakthrough devices for fiber-tochip coupling [26, 27] , wavelength multiplexing [28] , and polarization splitting [29] , among other innovations. Applied to MMIs, sub-wavelength index engineering led to the first demonstration of a slotted MMI [30] , which reduced the size of the device by a factor of two compared to a conventional MMI, without affecting its performance.
Here we examine, for the first time, self-imaging in an anisotropic sub-wavelength structure and exploit this new concept, in combination with dispersion engineering [31] , to experimentally demon-
Λ a n core = n xx 0 0 n zz Figure 2 : Ultra-broadband multimode interference coupler. The central multimode region is segmented at a sub-wavelength scale to engineer the waveguide anisotropy and dispersion, achieving a beat length that is virtually independent of wavelength. The sub-wavelength grating tapered input and output waveguides ensure efficient coupling with the silicon wire interconnecting waveguides. In the illustration TE polarized light (electric field along the x-axis) with varying wavelength is injected into one of the input ports and is split among the two output waveguides with equal amplitude and a 90
• phase shift. Figure 1 : Schematic 2D model of a 2×2 MMI. When the mode of the input waveguide, f in (x), is launched into the multimode region it excites several higher order modes, ϕ i (x), which interfere forming Talbottype self-images of the input field. Coupling of these self-images to the output waveguide yields the output fields f out,3 (x) and f out,4 (x), each carrying half of the input power with a relative phase shift of 90
• .
strate a compact and ultra-broadband MMI (see Fig. 2 ). Our fabricated device yields a threefold size reduction compared to a conventional device, while at the same time achieving perfect performance (excess losses and imbalance < 1 dB, phase error < 5 • ) over an unprecedented bandwidth of more than 300 nm around a central wavelength of 1.55 µm, limited by our measurement setup. Full 3D simulations predict the bandwidth exceeding 500 nm; in simulation an optimized conventional MMI design covers less than 200 nm with comparable performance. To the best of our knowledge this not only constitutes the MMI with the broadest bandwidth ever demonstrated, but also one of the most broadband, fully passive integrated optical devices in general.
Results
Self-imaging revisted. We first focus on the 2D model of the MMI shown in Fig. 1 and 2 in order to compare self-imaging in conventional and sub-wavelength engineered MMIs. In this 2D model the y-axis is contracted using the effective index method [32] . In both devices the mode field launched from the input waveguide, f in (x), is expanded into the modes of the multimode slab region, i.e. f in (x) = i c i ϕ i (x), with c i the overlap between the input field and the i-th slab mode. These modes propagate with specific phase constants, β i , producing self-images of the input field as they interfere. The positions at which these images form is governed by the beat length of the two lowest order modes [13] ,
For instance, a double image of the input field is
where L MMI is the physical length of the multimode region (see Fig. 1 ). Since L MMI is fixed, any wavelength variation of the beat length will result in a detuning of the device and in a significant degradation of its performance.
Conventional multimode interference. In a conventional MMI, under the paraxial approximation, the beat length is given by
where n core is the effective index of the multimode region obtained with the effective index method [32] and λ is the free space wavelength. W e is the effective width of the multimode region taking into account the Goos-Hänchen shift, which is assumed to be identical for all modes and invariant with wavelength [13] . The choice of the material platform clearly dictates the value of n core and its wavelength dependence. The minimum width of the multimode region is determined by the separation (s) between the input/output waveguides, to avoid coupling between them, and the required width of the access waveguides (W A ), to control the excitation of higher order modes; see [15, 33] for details. Hence, there is very limited freedom to engineer the beat length or its wavelength dependence. Considering a H = 220 nm thick silicon platform with silicon dioxide (SiO 2 ) upper cladding, TE polarization, and the geometrical parameters given in table 1, Eq. (2) yields L conv π ≈ 27 µm at λ = 1500 nm. Figure 3(a) shows the beat length calculated through Eq. (1), with β 1,2 obtained from a slab waveguide of width W MMI , silicon dioxide cladding, and effective core index n core . The beat length is L conv π ∼ 28 µm at λ = 1500 nm, in good agreement with Eq. (2). However, due to the strong wavelength dependence, the device will only operate in a limited bandwidth of ∼ 200 nm as discussed below.
Multimode interference in anisotropic media. The fundamental advantage of our broadband MMI device, shown in Fig. 2 , arises from the inherent anisotropy of its sub-wavelength structure: two guided waves traveling in the central multimode region along the z and x directions experience optically different structures [34, 35] . Referring to the effective indexes of these waves as n xx and n zz , respectively, we see that in the 2D model shown in Fig. 1 the equivalent material in the multimode region can be described by the diagonal tensor n core = diag[n xx , n zz ]. In such an anisotropic medium, the dispersion equation is given by (k x /n zz )
, where k x is the wave-vector component in the x direction, k z = β is the propagation constant, and k 0 = 2π/λ [36] . Extending the procedure outlined in [13] for conventional isotropic MMIs, we find that in the anisotropic case the beat length is given by:
Equation (3) provides an analytical design framework for our ultra-broadband MMIs. The elements of effective index tensor can be calculated from the structure shown in the inset of Fig. 3(b) : n xx is the effective index of the fundamental Bloch mode traveling in the z direction and polarized along the x axis; n zz is the effective index of the fundamental Bloch mode traveling in the x direction and polarized along the z axis. For the dimensions given in table 1, we obtain the indexes shown in Fig. 3(b) ; specifically at λ = 1500 nm we have n xx ∼ 2.15, n zz ∼ 1.6. Equation (3) then predicts a significantly reduced beat length of L aniso π ≈ 11.5 µm, which arises directly from the reduced value of n 2 zz /n xx ∼ 1.2 compared to n core ∼ 2.87 [see Eqs. with wavelength is, to first order, proportional to n 2 zz /n xx and n core , the wavelength dependence of the beat length is expected to decrease, too. Figure 3(a) shows the beat length calculated through Eq. (1), with β 1,2 obtained from an anisotropic slab waveguide of width W MMI , silicon dioxide cladding, and n core = diag[n xx , n zz ] [36] . From the figure, we find L aniso π ∼ 12 µm at λ = 1500 nm, in good agreement with Eq. (3), and observe that the beat length becomes significantly flatter with wavelength. We furthermore found that the beat length is minimum for a duty cycle of ∼ 50 %, which facilitates fabrication, as it results in the largest linewidths for a given grating period. It is noted that the precise dispersion behavior of the MMI modes near their Bragg wavelength can only be obtained in full 3D simulations, which enables us to further flatten the beat length by fine-tuning the pitch of the structure. Design and simulation. We use full 3D simulations to assess and further optimize the performance of both the conventional and the subwavelength metamaterial engineered MMI. Figure 4 shows the simulated wavelength dependence of the beat length of a conventional MMI; the propagation constants β 1,2 were obtained with a commercial mode solver [37] . As expected from the 2D model [ Fig. 3(a) ], the beat length exhibits a strong variation with wavelength, between 35 µm and 23 µm, resulting in performance degratation when de-tuning the device from its design wavelenght. For a conventional MMI with the optimized dimensions shown in table 1, the simulated impact of this de-tuning is shown Fig. 5 , including the excess losses (EL), imbalance (IB) and phase error (PE). By denoting the complex transmission from the fundamental mode of input waveguide 1 to the fundamental mode of the output waveguides 3 and 4 as s 31 and s 41 (see Fig. 1 from its design wavelength its performance steadily deteriorates. Aiming for excess losses and imbalance below 1 dB and phase error smaller than 5
• thus yields a bandwidth of under 200 nm for this optimized MMI design.
The wavelength dependence of the beat length in our sub-wavelength engineered MMI (see Fig.  2 ) is shown, for a 50 % duty cycle, in Fig. 4 ; the propagation constants β 1,2 were obtained using 3D Finite Difference Time Domain (FDTD) simulations [38] , and the procedure described in [39] . For the device parameters given in table 1, we find that by fine-tuning the pitch near 190 nm, and thereby adjusting the dispersion of the MMI modes, the beat length becomes virtually wavelength independent in the 1250 nm to 1750 nm wavelength range. Furthermore, the beat length at λ = 1500 nm is L SWG π ∼ 10 µm, which is a threefold reduction compared to the conventional device. The inset of Fig.  4 illustrates the longitudinal cross-section of the MMI. In our initial design we assumed that the upper SiO 2 would completely fill the trenches between the silicon segments. However, our experimental results suggest that this is not the case, and that in fact an air gap of approximately 60 nm is left, due to the relatively high aspect ratio of the trenches. All 3D simulation results presented here include this gap.
For a pitch of Λ = 190 nm the wavelength average beat length is L π ≈ 10 µm, yielding a device with approximately (3/2)L π /Λ = 79 periods for a 2 × 2 MMI device. We optimized the length of the device using 3D-FDTD simulations of the complete structure that take into account material dispersion. Device performance for the optimized length of 74 periods is shown in Fig. 5 . These results confirm virtually perfect device operation over a 500 nm wavelength span, with excess losses and imbalance below 1 dB, and phase error less than 5
• . This is an unprecedented almost threefold bandwidth enhancement compared to the conventional MMI.
Experimental results. In order to experimentally validate the broadband operation of our device, several test structures were fabricated on a standard 220 nm silicon-on-insulator wafer, as described in the methods. Figure 6 shows a Scanning Electron Microscope (SEM) image of one of the fabricated devices prior to the deposition of the SiO 2 upper cladding. Measurements of the devices were carried out on two independent setups (see methods). The experimental results shown in Fig. 5 reveal virtually perfect device performance in the 1375 nm -1700 nm wavelength range: excess losses and imbalance are below 1 dB, and the phase error is smaller than 5
• , thereby confirming the broadband behavior of the device. We observed a resonant behavior near 1350 nm, which is attributed to the increased duty cycle of the fabricated devices and could be addressed with proper pre-scaling of the mask. Our broadband source does not extend beyond 1700 nm preventing measurements at longer wavelengths.
Discussion
In conclusion, we have shown that the intrinsic anisotropy of sub-wavelength engineered metamaterials can be exploited to design compact and ultrabroadband nanophotonic beam splitters. Specifically, by controlling anisotropy and dispersion of a nanophotonic metamaterial waveguide, we have demonstrated MMI designs with virtually ideal performance over a 500 nm and have fabricated a device with a measured bandwidth in excess of 300 nm, outperforming conventional MMIs by a wide margin. We believe that this new strategy to engineer ultra-broadband waveguide devices can usher in broadband integrated nanophotonic systems with applications in coherent communications, sensing, spectroscopy and quantum photonics.
Methods
Fabrication. We fabricated a chip containing both individual MMIs, asymmetric Mach-Zehnder interferometers and reference waveguides. To enable broadband light coupling to the chip we used subwavelength engineered fiber-to-chip mode transformers [26] . The devices were defined with electron beam lithography and transferred to the silicon layer with reactive ion etching. The SiO 2 upper cladding was deposited using plasma-enhanced chemical vapor deposition.
Measurements. The devices were characterized with two independent setups. An initial screening of the devices was carried out using a tunable laser source at the input and power-detector at the output, covering the 1400 nm to 1600 nm range. In order to measure in an even broader range, we used a second setup with a broadband light source as input and an optical spectrum analyzer at the output. In both cases the input polarization was set to quasi-TE (electric field in the horizontal plane) using a polarization controller. To determine excess losses, the transmission through an individual MMI was normalized to the transmission through a reference waveguide. The phase error was obtained from the interferogram produced by the asymmetric Figure 6 : Scanning electron microscope image of a fabricated ultra-broadband MMI, prior to the deposition of the SiO 2 cladding.
Mach-Zehnder interferometers, using a minimumphase technique [40] . The measurement data from both setups was found to be in very good agreement in the common wavelength range, with a deviation below 5
• in phase, 0.5 dB in imbalance and 1 dB in excess loss.
